Intricate life-versus-death decisions are programmed during T cell development, and the regulatory mechanisms that coordinate their activation and repression are still under investigation. In this study, HDAC3-deficient double-positive (DP) thymocytes exhibit a severe decrease in numbers. The thymic cortex is rich in ATP, which is released by macrophages that clear apoptotic DP thymocytes that fail to undergo positive selection. We demonstrate that HDAC3 is required to repress expression of the purinergic receptor P2X7 to prevent DP cell death. HDAC3-deficient DP thymocytes upregulate the P2X7 receptor, increasing sensitivity to ATP-induced cell death. P2rx7/HDAC3-double knockout mice show a partial rescue in DP cell number. HDAC3 directly binds to the P2rx7 enhancer, which is hyperacetylated in the absence of HDAC3. In addition, RORgt binds to the P2rx7 enhancer and promotes P2X7 receptor expression in the absence of HDAC3. Therefore, HDAC3 is a critical regulator of DP thymocyte survival and is required to suppress P2X7 receptor expression. The Journal of Immunology, 2019, 202: 1033-1038.
T he accurate coordination of transcriptional regulators, chromatin modifiers, and nucleosome remodelers is critical for proper gene expression during T cell development (1) . Changes in gene expression occur as thymocytes transition through multiple checkpoints, resulting in different cellular fates. Cell death is a common fate decision, as the majority of thymocytes [especially double-positive (DP) thymocytes (2) ] fail to complete T cell development. Specifically, TCR signaling controls the fate of DP thymocytes, as an absence of TCR signaling leads to death by neglect, a strong TCR signal leads to death by negative selection, or a weak TCR signal leads to thymocyte survival via positive selection (reviewed in Ref. 3) . Each of these cellular fates is coordinated by the activation or repression of different transcriptional programs.
Gene repression is as important as gene activation at each stage of thymocyte development. At the chromatin level, gene repression works through the recruitment of corepressor complexes. Histone deacetylase (HDAC) 3 is a corepressor important in immune cell development (reviewed in Ref. 4) . HDAC3 belongs to the class I family of HDACs and functions to remove acetyl groups from both histone tails and nonhistone proteins (5) . HDAC3 acts as the catalytic component of the N-CoR corepressor complex and facilitates gene repression through its recruitment to promoters or enhancers (6) . The HDAC3/N-CoR complex does not have a DNA-binding domain, therefore it must be recruited to specific sites in the genome via its interaction with different transcription factors.
Previously, HDAC3 was shown to be critical for thymocyte positive selection (7, 8) . When HDAC3 is conditionally deleted in thymocytes using CD2-icre (named HDAC3-conditional knockout [cKO] mice hereafter), there is a marked reduction in the number of DP and single-positive (SP) thymocytes (7) . The reduction in SP thymocytes is due to a block in positive selection and could not be rescued by an OT-II TCR transgene. OT-II HDAC3-cKO mice also exhibit a positive selection block, comparable to HDAC3-cKO mice. Mechanistically, HDAC3 is required to repress retinoic acid-related orphan receptor (ROR)gt during positive selection, as RORgt is normally downregulated at this stage, and constitutive expression of RORgt leads to a similar block in positive selection (9) . Deletion of RORgt, in conjunction with a Bcl-xl transgene [necessitated by the dependence of Bcl-xl expression on RORgt (10)], alleviated the block in positive selection resulting from HDAC3 deficiency (RORgt-KO Bcl-xl transgenic [Tg] HDAC3-cKO, hereafter called "RB3"). In addition, DP cellularity was restored in RB3 mice, although the mechanism was not known. The focus of this paper is the mechanism by which HDAC3 regulates DP thymocyte survival.
In this study, we find one cause for the survival defect in DP thymocytes from HDAC3-cKO mice. HDAC3-deficient DP thymocytes exhibit increased expression of the purinergic receptor P2X7 (encoded by the P2rx7 gene). Cells that express P2X7 receptor are more sensitive to high concentrations of extracellular ATP, which results in large pore formation and loss of membrane integrity (reviewed in Ref. 11). The regulation of P2rx7 expression is coordinated by HDAC3 and RORgt at the P2rx7 enhancer. HDAC3 deletion leads to an increase in histone acetylation at the P2rx7 gene locus and deletion of RORgt normalizes P2X7 receptor expression in HDAC3-deficient DP thymocytes. Therefore, HDAC3 is required to suppress P2X7 receptor expression in DP thymocytes and promote DP survival.
Materials and Methods
Mice HDAC3 fl/fl mice were provided by S. Hiebert [Vanderbilt (12) ]. Human Bcl-2 Tg mice were generated by S. Korsmeyer (13) and provided by A. Singer (National Institutes of Health). Bcl-xL Tg mice (14) , RORgt -KO mice (15), CD2-icre mice (16) , and P2rx7-KO (17, 18) mice were purchased from The Jackson Laboratory. OT-II (19) mice were purchased from Taconic Biosciences. Mice were housed in barrier facilities, and experiments were performed at the Mayo Clinic with Institutional Animal Care and Use Committee approval. Mice were analyzed between the ages of 4 and 8 wk with either littermates or age-matched controls (termed wild-type [WT]), which may include floxed-only mice (no Cre), CD2-icre, or WT mice, as no differences were observed between these mice.
Flow cytometry
FACS analysis was performed on an Attune NxT Flow Cytometer (Thermo Fisher Scientific) and analyzed with FlowJo (Tree Star). Experiments were acquired live or fixed (BD Cytofix/Cytoperm Fixation and Permeabilization Kit; BD Biosciences). Bcl-xl staining used the Foxp3/Transcription Factor Staining Buffer Kit (Tonbo Biosciences). All analyses included size exclusion (forward scatter [FSC] area/side scatter area), doublet exclusion (FSC height/ FSC area), and dead cell exclusion (Ghost Dye Red 780; Tonbo Biosciences). Abs used were: CD4 (GK1.5 or RM4-5), CD8a (53-6.7 or 2.43), CD11b (M1/70), CD45.2 (104), CD45.1 (A20), Bcl-xl (7B2.5), P2X7 receptor (polyclonal; Enzo Life Sciences), RORgt (AFKJS-9), B220 (RA3-62B), CD19 (6D5), CD11c (N418), NK1.1 (PK136), Gr-1 (RB6-8C5), Ter119 (TER-119), and TCRb (Η572597).
Bone marrow mixed chimeras
Mixed bone marrow chimeras were generated by i.v. injection of 4 3 10 6 cells from 50:50 mixes of either WT (CD45.2 + )/B6.SJL (CD45.1 + ) or CD2-icre HDAC3-cKO (CD45.2 + )/B6.SJL (CD45.1 + ) mice into lethally irradiated congenic B6.SJL (CD45.1 + ) recipients. Mice received enrofloxacin in their drinking water for 3 wk and were analyzed after 8 wk.
Ex vivo stimulation
Thymocytes were cultured at 4 3 10 6 cells/ml with/without 1 mM ATP (Sigma) or 100 mM 29(39)-O-(4-benzoylbenzoyl) ATP (BzATP; Tocris Bioscience) in culture medium (RPMI 1640, 10% FCS, penicillin/streptomycin/glutamine). For experiments using A438079 (Abcam), cells were pretreated with 10 or 100 mM A438079 for 1 h before addition of ATP or BzATP. After 15 min of stimulation, cells were harvested, washed, stained for Annexin V binding (Apoptosis Detection Kit; BD Biosciences). To measure pore formation, 2 mM 4-[(3-methyl-1,3benzoxazol-2(3H)-ylidene)methyl)]-1-[3-(trimethylammonio)propyl] quinolinium diiodide (YO-PRO-1) was added to the culture for the last 5 min before harvesting, washing, and staining.
Downloaded datasets
The following datasets were retrieved from Gene Expression Omnibus series: GSM726991 (RNA polymerase II), GSM1556287 (acetylated histone H3 lysine-27 [H3K27ac]), GSM726994 (trimethylated histone H3 lysine-4), GSM945565 (trimethylated histone H3 lysine-27), GSM726993 (monomethylated histone H3 lysine-4 [H3K4me1]), GSE63731 (capturing selftranscribing active regulatory region sequencing [CapSTARR-seq]), and GSM2354271 (RORgt). Sequencing data were imaged using the Integrative Genomics Viewer software (Broad Institute).
Quantitative chromatin immunoprecipitation
For quantitative chromatin immunoprecipitation (qChIP), DP thymocytes were enriched using the EasySep Mouse Streptavidin RapidSpheres Isolation Kit (#19860; STEMCELL Technologies) to remove SP, double-negative (DN), and gd thymocytes with biotin-conjugated anti-CCR7 (4B12), anti-IL-7Ra (A7R34), anti-H2K (AF6-88.5), anti-CD44 (IM7), anti-CD25 (PC61.5), and anti-TCRgd (UC7-13D5). DP thymocyte purity was at least 95%. Cells were fixed with 1% formaldehyde for 10 min (H3K27ac qChIP) or 15 min (HDAC3 qChIP) and quenched with 125 mM glycine for 10 min. H3K27ac ChIP was performed according to (20) using anti-H3K27ac (#ab4729; Abcam). HDAC3 ChIP was performed according to (21) , using anti-HDAC3 (#85057; Cell Signaling Technology), with the following adjustments: after cell lysis and brief sonication (4 min, 
Statistical analysis
Two-tailed unpaired Student t test (GraphPad Prism) was used to compare groups. Boxes on boxplots encompass the 25th to 75th percentile, and whiskers extend to the minimum and maximum values.
Results and Discussion
Decreased viability of HDAC3-deficient DP thymocytes is cell intrinsic and not rescued by Bcl-xl or Bcl-2 transgenes HDAC3-cKO mice had ∼80% fewer DP thymocytes as compared with WT mice [(7), Fig. 1A ]. The reduction was unlikely to be due to the positive selection block in HDAC3-cKO mice because mice that lack TCR-a, MHC, or key TCR signaling molecules (e.g., Zap70) do not have compromised DP thymocyte numbers (22) (23) (24) . To determine whether the DP reduction was cell intrinsic, 50:50 mixed bone marrow chimeric mice were generated. Chimerism frequency was measured at the DN-to-DP stages, with splenic CD11b + cells used as a control. Chimerism frequency was slightly reduced in HDAC3-deficient DN4 and immature CD8 single-positive thymocytes, whereas HDAC3-deficient DP thymocytes exhibited a large reduction in chimerism (Fig. 1B) , demonstrating that the effect is cell intrinsic. Although HDAC3 protein deletion starts at DN3 in HDAC3-cKO mice, there was not a deficiency in DN cellularity, b selection, and proliferation in DN3 and DN4 thymocytes (7) . Therefore, it is unlikely that the deficit in DP cell number is due to a defect prior to the DP stage.
Bcl-xl is required for DP cell survival (25) ; however, Bcl-xl protein expression in DP thymocytes was similar between WT and HDAC3-cKO mice (Fig. 1C) . To determine whether overexpression of the Bcl-2 family anti-apoptotic protein Bcl-xl or Bcl-2 could rescue DP cell number from HDAC3-cKO mice, Bcl-xl and Bcl-2 transgenes were introduced. However, no increase in DP cell number from Bcl-xl Tg/HDAC3-cKO mice or Bcl-2 Tg/HDAC3-cKO mice was observed as compared with HDAC3-cKO mice (Fig. 1D) . Thus, the DP survival defect in HDAC3-cKO mice cannot be compensated by overexpression of Bcl-xl or Bcl-2 (7) .
HDAC3-deficient DP thymocytes are susceptible to P2X7 receptor-induced cell death
The purinergic receptor P2X7 induces thymocyte cell death upon stimulation with high doses of ATP (26) . The thymic cortex is believed to be an ATP-rich environment, as resident macrophages release ATP as a result of phagocytosing DP thymocytes undergoing cell death (27) . WT DP thymocytes express low levels of P2X7 receptor compared with DN and SP thymocytes and are thus relatively insensitive to extracellular ATP-induced cell death ( Fig. 2A, Supplemental Fig. 1 ). However, HDAC3-deficient DP thymocytes significantly upregulated P2X7 receptor as compared with WT DP thymocytes ( Fig. 2A ) and were more sensitive to P2X7 receptorinduced cell death from an ex vivo culture with the P2X7 receptor ligand ATP or the P2X7 receptor agonist BzATP (Fig. 2B ). Preincubation of HDAC3-deficient thymocytes with the P2X7 receptor-specific antagonist A438079 abrogated the increase in Annexin V binding caused by ATP treatment (Fig. 2C) , demonstrating that the ATP-induced cell death was not due to stimulation of other purinergic receptors coexpressed by HDAC3-deficient DP thymocytes. HDAC3deficient DP thymocytes required a higher dose of A438079 to abrogate BzATP-induced Annexin V staining (Fig. 2C) , again suggesting that HDAC3-deficient DP thymocytes are more sensitive to P2X7 receptor ligands. Strong stimulation of P2X7 receptor can also induce cell membrane poremediated cell death (28) . YO-PRO-1 is a large (∼600 Da) nucleic acid stain that labels cells with compromised plasma membranes and is therefore a surrogate marker for pore formation (29) . After 1 h stimulation of thymocytes with ATP or BzATP, HDAC3-deficient DP thymocytes exhibited an increase in YO-PRO-1 staining compared with unstimulated, etoposide stimulation, or WT controls (Fig. 2D, Supplemental  Fig. 2) , demonstrating that P2X7 receptor-induced cell death in HDAC3-cKO mice occurs via pore formation.
To understand the contribution of the P2X7 receptor to reduced DP cell survival in HDAC3-cKO mice, P2rx7/ HDAC3-double knockout (DKO) mice were generated. Loss of the P2X7 receptor protected HDAC3-deficient DP thymocytes from ATP-and BzATP-induced cell death ( Fig. 2E) . Similarly, knocking out P2rx7 abrogated the increase in YO-PRO-1 staining in response to either ATP or BzATP in P2rx7/HDAC3-DKO mice compared with HDAC3-cKO mice (Fig. 2F) , demonstrating that pore formation is specifically induced by the P2X7 receptor. Examination of DP cell number from P2rx7/HDAC3-DKO mice revealed a 2-fold increase in cell number compared with HDAC3-cKO mice (Fig. 2G) ; however, the number of DP thymocytes from P2rx7/HDAC3-DKO mice was still below WT mice (Fig. 2G ). This indicates that there must be other causes of DP cell death in addition to increased expression of P2X7.
The P2rx7 gene locus is suppressed by HDAC3 in DP thymocytes
Examination of P2X7 receptor expression during T cell develop revealed that P2rx7 is specifically downregulated at DP stage compared with DN and CD4SP thymocytes (Supplemental Fig. 1 ). Because deletion of HDAC3 in DP thymocytes leads to P2X7 receptor upregulation ( Fig. 2A) , publicly available genome sequencing datasets were used to examine the chromatin state of the P2rx7 gene locus in WT thymocytes. Cd8a and Hoxc4 gene loci were used as controls for highly expressed genes and repressed genes in thymocytes, respectively. Compared with Cd8a, the P2rx7 locus showed a low signal for RNA polymerase II, H3K27ac, and trimethylated histone H3 lysine-4 ( Fig. 3A) , indicating that the P2rx7 locus does not show chromatin marks of active gene expression in WT thymocytes. This is consistent with low P2X7 receptor expression in WT thymocytes ( Fig. 2A) . Interestingly, the repressive mark trimethylated histone H3 lysine-27 was not enriched at the P2rx7 locus ( Fig. 3A ), suggesting that P2rx7 is not actively repressed by a polycomb repressive complex-regulated mechanism. In addition, H3K4me1 ChIPseq and CapSTARR-seq were used to identify enhancers in WT thymocytes and examine their activity (30, 31) , respectively. Within intron 2 of P2rx7, an enhancer was revealed by enrichment of H3K4me1 (Fig. 3A) , which is consistent with previous reports (32) . The combination of H3K27ac and H3K4me1 marks identifies active enhancers (30) ; however, the P2rx7 enhancer lacked H3K27ac (Fig. 3A) , indicating that the P2rx7 enhancer is not active in WT thymocytes. To validate P2rx7 enhancer activity in thymocytes, we used publicly available CapSTARR-seq (31) . Consistent with the absence of H3K27ac at this enhancer, the CapSTARR-seq signal was also absent at the P2rx7 enhancer (Fig. 3A) , confirming that the enhancer is inactive in WT DP thymocytes. Therefore, the P2rx7 gene locus is suppressed in WT thymocytes.
HDAC3 regulates gene expression upon recruitment to gene promoters or enhancers. To determine whether HDAC3 binds to either of these regions of the P2rx7 gene, HDAC3 qChIP was performed on DP thymocytes from WT mice, with HDAC3-cKO mice used as a negative control for HDAC3 binding. HDAC3 qChIP revealed that HDAC3 bound to the P2rx7 enhancer but not the P2rx7 promoter ( Fig. 3B) , indicating that HDAC3 directly regulates P2rx7 expression. Because HDAC3 deacetylates histones, H3K27Ac was analyzed at the P2rx7 enhancer by qChIP in WT and HDAC3-deficient DP thymocytes. Whereas DP thymocytes from WT mice exhibited low levels of acetylation at the P2rx7 enhancer (similar to Fig. 3A ), deletion of HDAC3 increased acetylation at the P2rx7 enhancer in DP thymocytes from HDAC3-cKO mice (Fig. 3C ), demonstrating HDAC3 directly regulates histone acetylation at the P2rx7 gene locus.
RORgt promotes P2X7 receptor expression in HDAC3-deficient DP thymocytes
HDAC3 is required to repress RORgt during positive selection (7) , as RORgt is normally downregulated at this stage, and constitutive expression of RORgt leads to a similar block in positive selection, as observed in HDAC3-cKO mice (9) . Deletion of RORgt rescues the block in positive selection in RB3 mice as well as DP cellularity (7) , suggesting that RORgt may regulate P2X7 receptor expression. A previous study identified retinoic acid response elements in the P2rx7 intronic enhancer and RARa binding to this enhancer in CD4 + T cells (32) . RORgt belongs to the ROR family of transcription factors that show sequence homology to retinoic-acid receptor family of proteins (33) . Therefore, RORgt may bind to the P2rx7 enhancer in WT thymocytes. Publicly available RORgt ChIP-seq dataset of WT thymocytes demonstrates that RORgt associates with the P2rx7 enhancer in WT thymocytes (Fig. 4A ). HDAC3 does not have a DNA binding domain, therefore HDAC3 must be recruited by transcription factors to perform its repressive function. RORgt may function to recruit HDAC3 to the P2rx7 enhancer. To test this, HDAC3 qChIP was performed in RORgt-KO Bcl-xl tg DP thymocytes, with the Bcl-xl transgene used to compensate for reduction in the number of DP thymocytes produced by RORgt deficiency (10) . Interestingly, HDAC3 binding still occurred at the P2rx7 enhancer in RORgt-deficient DP thymocytes (Fig. 4B) , demonstrating that HDAC3 is not recruited to the P2rx7 enhancer via RORgt.
To determine whether RORgt regulates P2rx7 expression, P2X7 receptor expression in RB3 and HDAC3-deficient DP thymocytes was examined. In these experiments, RB3 and HDAC3-cKO mice contained the OT-II transgene. OT-II HDAC3-cKO DP thymocytes exhibited an increased in the frequency of P2X7 receptor positive cells compared with OT-II thymocytes (Fig. 4C ), consistent with results in HDAC3-cKO and WT DP thymocytes ( Fig. 2A) . Loss of RORgt expression in OT-II RB3 mice restored P2X7 receptor expression to levels comparable to WT mice (Fig. 4C ). Interestingly, mice with heterozygous RORgt deficiency (OT-II RORgt-het HDAC3-cKO mice) showed an intermediate frequency of P2X7-positive cells, demonstrating that the frequency of P2X7-positive cells is exquisitely sensitive to RORgt expression ( Fig. 4C) . Thus, RORgt promotes P2rx7 expression in HDAC3-deficient DP thymocytes.
In summary, we have identified a novel role for HDAC3 in DP thymocytes. We demonstrate that HDAC3 is required to repress expression of the purinergic receptor P2X7 to prevent DP cell death. HDAC3-deficient DP thymocytes upregulate the P2X7 receptor, increasing sensitivity to ATP-induced cell death. P2rx7/HDAC3-DKO mice show a partial restoration in DP cell number, with twice as many DP thymocytes as HDAC3-cKO mice. Mechanistically, HDAC3 directly binds to the P2rx7 enhancer, which is hyperacetylated in the absence of HDAC3. In addition, RORgt binds to the P2rx7 enhancer and promotes P2X7 receptor expression in HDAC3-deficient DP thymocytes (model in Supplemental Fig. 3 ). Therefore, HDAC3 is a critical regulator of DP thymocyte survival and is required to suppress P2rx7 expression.
